The abundance and diversity of lianas were examined along a tropical forest chronosequence at the Barro Colorado Nature Monument, Panama. Lianas ͧ 0.5 cm diameter were sampled along transects in two replicated stands in secondary (20, 40, 70 and 100 y after abandonment) and old-growth (>500 y) forests. Ordination of stands based on relative abundance, but not presence-absence, showed a significant separation of stands by age. Lianas were significantly more abundant and diverse (Fisher's α) in younger forests (20 and 40 y) than in older forests (70 and 100 y, and old-growth). The decline in liana abundance with stand age was offset by increased mean basal area per individual, resulting in a relatively constant total basal area and estimated biomass across stand age. The proportions of tendril climbers decreased and stem twiners increased over stand age. Decline in liana abundance and changes in liana composition may be related to changes in support and light availability. Although lianas are recognized as playing an important role in the early secondary succession of many tropical forests, these results have shown that their important contribution to total basal area and biomass can continue as the forest matures, even as the number of established lianas declines.
I NT R OD U CT I O N
Tropical wet forests are characterized by high abundance and diversity of lianas (Gentry 1991) . Lianas are most conspicuous in naturally or anthropogenically 2 disturbed areas (Hegarty & Caballé 1991) but also contribute substantially to the diversity and structure of mature tropical forests (Gentry 1991) . In neotropical lowland moist and wet forests, lianas may account for 18% of all stems ͧ 2.5 cm diameter (Gentry 1982) and as much as 25% of all woody stems (Gentry 1991; S. Schnitzer & W. Carson, unpubl. data) . Furthermore, lianas contribute significantly to species richness, accounting for up to 25% of woody stem diversity (Gentry & Dodson 1987) . Lianas also play a prominent role in tropical forest dynamics because they respond rapidly to canopy opening and may suppress sapling growth in treefall gaps (Putz 1984) . Uhl et al. (1988) suggested that high vine dominance in abandoned pasture may impede forest succession. Despite their importance, liana communities have been described primarily in disturbed areas (e.g. Pinard & Putz 1994 or primary forests (e.g. Appanah et al. 1993 , Putz & Chai 1987 ; we know little about changes in liana abundance and diversity during tropical forest succession. Our purpose here is to describe patterns in the liana community along a forest chronosequence in central Panama.
One factor constraining liana growth is availability of support structures (Putz 1983 (Putz , 1984 Putz & Chai 1987) . The mechanism by which a liana climbs (e.g. tendrils, stem twining, branch twining or hooks) determines in part which trees are suitable supports (Peñalosa 1982 , Putz 1984 , Putz & Holbrook 1991 ; lianas climbing by different mechanisms are constrained to support diameters below different maxima (Putz 1984 , Putz & Chai 1987 . Putz & Holbrook (1991) suggested that tendril climbers would be better suited to gaps and forest edges, where smaller diameter supports are more common, than to forest interiors.
Light availability may also constrain liana establishment and growth (Castellanos 1991 , Teramura et al. 1991 . Lianas are thought to be light demanding because of their rapid growth in high light and their abundance in disturbed areas such as along waterways, treefall gaps (Putz 1984) , and abandoned pastures (Uhl et al. 1998) . Canopy height contributes to patterns in light availability (Brown & Parker 1994) , and thus to liana density. The number of lianas decreases with increasing canopy height (Baars et al. 1998 , Balfour & Bond 1993 , Caballé 1976 , Hegarty & Caballé 1991 ; energetic costs associated with ascent may be higher when the distance to the lit canopy is greater. Lianas may be most abundant, therefore, in early successional habitats before canopy closure. Thus, the liana community may be affected by changes in the tree community if the support availability or light environment differ along the successional sequence.
During tropical forest succession, we know that the forest structure and light environment change. The distribution of tree diameters becomes more variable, canopy height increases, and light levels at the ground decrease. Tree density also declines over stand age while basal area increases (Brown & Lugo 1990 , Richards 1996 , Saldarriaga et al. 1988 ). Thus, we would expect that the liana community will change in response to these other changes. Here we address how liana abundance and species composition change across a forest chronosequence in central Panama. We relate differences in the liana community to the forest structure and environment. We predict that increasing tree diameters, decreasing light levels, and increasing canopy height over succession will be associated with a decrease in liana density and diversity and a change in species composition. Furthermore, we predict that tendril climbers will be more abundant in young forests, while stem and branch twiners will be relatively more common in later successional forests. S TUD Y SI T E Study stands were located in Panama within the Barro Colorado Nature Monument (BCNM). The BCNM comprises Barro Colorado Island (BCI, 9°10′N, 79°51′W), a research station of the Smithsonian Tropical Research Institute, as well as several adjacent mainland peninsulas. The area receives c. 2600 mm of rainfall annually, predominantly during the 7-mo wet season from May through December. Detailed descriptions of the vegetation on BCI are found in Croat (1978) and Foster & Brokaw (1982) .
The land use history of the BCNM is described by Leigh et al. (1996) and Denslow & Guzman (in press) . Contemporary forests reflect a long history of human activity dating most directly from pasture and farms to support the French (1883-1889) and later American (1907) (1908) (1909) (1910) (1911) (1912) (1913) (1914) crews working on construction of the Panama Canal. Subsequent to the filling of Lake Gatun and isolation of BCI in 1914, the land has been exploited for pasture, plantation, and swidden agriculture. Successive periods of abandonment of agricultural fields and pastures and the expansion of land under preserve protection have resulted in a mosaic of secondary vegetation and old-growth forest. Old-growth forest occupies approximately half of BCI and small areas at the bases of Gigante and Bohio Peninsulas. Secondary forests in the BCNM range in age between c. 15 and 100 y in fallow. No logging or farming has occurred on the island since the area became a research preserve in 1923.
Eight stands (two replicates each) representing secondary forests of approximately 20, 40, 70 and 100 y in fallow as well as two stands of old-growth forest (OG) were selected for intensive study (Figure 1 ). Study stands were at least 5 ha in size on relatively level topography. Stand ages were estimated by reference to early publications describing the establishment of Barro Colorado Island (Chapman 1938 , Enders 1935 , Kenoyer 1929 , Standley 1933 , and references in Foster & Brokaw 1982 , aerial photographs dating from the late 1920s and from 1955 to 1983, and the dates of historical events affecting land use on the BCNM (Denslow & Guzman in press).
M ET H ODS

Vegetation sampling
In nine of the 10 sites, vegetation was sampled in two parallel 160-m trans- ects composed of contiguous nested quadrats. Transects were located well inside forest edges and were separated by at least 20 m. The configuration of one 20-y site (Saino) was sufficient only for the establishment of a single transect, which was interrupted in two places by creeks. Trees (ͧ 5 cm DBH) were sampled in 16 contiguous quadrats (10-m × 10-m) in each transect and shrubs, saplings, and treelets (>1 m tall and <5 cm DBH) in 32 quadrats (5-m × 5-m). We sampled lianas in alternate 5-m × 10-m quadrats along each transect (total of eight quadrats/transect, 400 m 2 ). We pooled quadrats and transects by stand for analysis and used stand as the replication unit. We measured the diameters of all woody, dicotyledonous vines rooted in the quadrat, which were ͧ 0.5 cm diameter and ͧ 1.3 m in height. We measured apparent genets only once. When it was unclear whether stems were connected below ground, they were treated as distinct genets. The diameter of each liana was measured at its thickest point devoid of stem abnormalities if growing horizontally or at 1.3 m above the ground if growing only vertically. Thus, we measured the liana only once rather than summing multiple branch diameters. This methodology may provide a more representative measure of liana size than DBH when the main stem is horizontal but branches ascend vertically.
Lianas were identified in the field and verified at the Smithsonian Tropical Research Institute Herbarium. Lianas that could not be identified definitively (n = 173) were omitted from ordinations and calculations of diversity, although not from measures of abundance or size-structure. Nomenclature follows Croat (1978) except where recent revisions have modified names. In such cases they follow the working list of Panamanian plants compiled by W. D'Arcy and updated by M. Correa and R. Foster (unpubl.) .
We classified species by climbing mechanism based on observations in the field and with reference to Croat (1978) and Putz (1984) . We distinguished three categories: stem twiner, branch twiner and tendril climber. We found no root or adhesive-tendril climbers. The main stem of stem twiners coils around supports; branch twiners have leaf-bearing branches, which twine around supports; and tendril climbers have modified leaves, leaflets, or stipules, which coil around supports (Putz 1984) . Species with stipular spines or other scramblingtype climbing mechanisms were rare in this survey and were therefore excluded in analyses of climbing type.
Analysis
We regressed liana density, basal area, average basal area per stem, diversity, and climbing mechanism on stand age. Regression was performed using PROC REG of SAS (6.12; SAS Institute, Inc. 1997). We assumed old-growth stands were 500 y old for the regression analysis. Liana density was scaled to a hectare basis, logarithmically transformed, and regressed against logarithm of stand age to normalize residuals. Total basal area and density of lianas of each climbing type were also scaled to the hectare. The proportions of lianas of each climbing type were arcsine transformed; we used analysis of covariance to examine differences across stand age (PROC GLM; SAS Institute, Inc. 1997). In that analysis, we only examined lianas <1.5 cm diameter because small lianas are likely to be actively climbing, while larger lianas (>1.5 cm) already may be established in the canopy. We expected a significant correlation between climbing mechanism and stand age only for actively climbing lianas, which would be responsive to changes in tree diameter. We estimated liana biomass (above-ground dry weight) from basal area as log y = 0.12 + 0.91(log x), where y = biomass and x = basal area (Putz 1983 ). This equation was developed for 14 Venezuelan lianas ranging in diameter between 0.9 and 12.0 cm, a similar size range to that found in our study. Species diversity is reported as Fisher's log series α, an index of species diversity which is relatively unbiased by sample size (Magurran 1988) .
We also compared liana densities, basal area, and diversity in young and old forest stands. We contrasted the four sites ȅ 40 y old with the six older sites using analysis of variance (ANOVA). We used 70 y as a dividing age for the young and old sites because many fast-growing pioneer trees on BCI are projected to reach their maximum DBH before 70 y (Condit et al. 1993) . Additionally, abundances of these species appear to decline after that age (J. Denslow, unpubl. data) . ANOVA was performed using PROC GLM (SAS Institute, Inc. 1997) and P-values ͨ 0.05 were considered significant.
We examined patterns of liana composition using non-metric multidimensional scaling (NMS). Non-metric scaling is an iterative ordination technique based on ranked distances of n entities on k axes that seeks to minimize distortions caused by reductions in dimensionality (Minchin 1987) . Ordinations were based on species that occurred in at least two stands (42 species) and used 1-D s , in which D s is Sorenson's similarity index, as the distance matrix. Separate ordinations were based on relative abundances (abundance scaled to the total liana stems per site) and presence-absence. We used the SAS (6.12) routine PROC NMS with minimum acceptable final stress set at < 0.001 and maximum iterations set at 200 (SAS 1997) . Solutions with 3 and 4 axes were examined, but two axes adequately decreased stress in both ordinations. Solutions using two axes are presented for easier interpretation.
RES ULT S
Liana composition
We recorded a total of 1896 lianas ͧ 0.5 cm diameter from the ten stands. Unidentified lianas accounted for only 9% of all stems sampled. Our estimates of species diversity are conservative because the unidentified stems may have been rare species. The number of unidentified lianas per site ranged from 6-19% of total stems (Table 1) . There was no significant difference in the number of unidentified stems among stand ages (F = 1.63, df = 1, 8; P = 0.24).
Lianas identified represented 89 different species from 22 families (Appendix 1). Predominant families encountered were the Bignoniaceae and Sapindaceae, represented by 21 and 13 species, respectively. The ten most abundant species, representing six families, accounted for 65% of all stems sampled ( Table 2 ). The stem twiner Maripa panamensis (Convolvulaceae) was the most commonly sampled liana; it composed 11% of all stems and occurred in all stands. The most abundant species differed among stands, however (Table 3) . The five most abundant species accounted for c. 50% of the total number of stems per stand. The total percentage contribution of these species per stand did not vary appreciably as a function of stand age (r 2 = 0.06, n = 10, P = 0.51).
Although less abundant than M. panamensis, Prionostema aspera (Hippocrateaceae) had the highest total basal area as summed over all stands (Table 2) . Maripa panamensis had the second highest total basal area. The stem of M. panamensis usually grows flattened against tree boles. Because our basal area calculation is based on the radius of the flattened section of this liana, the basal area of M. panamensis was likely to have been overestimated. (9) 89 9815 * Estimated above-ground dry mass as calculated with a formula in Putz (1983) . Liana community structure Liana abundance decreased significantly as a function of stand age ( Figure  2a ; r 2 = 0.52, n = 10, P < 0.05). Lianas were roughly twice as abundant in younger stands as in older stands (F = 26.8, df = 1, 8; P < 0.0001). Lianas were also a larger proportion of all woody stems > 1 m; they composed 25.4 and 19.0% of the stems in the younger and older forests, respectively.
In contrast to liana abundance, total liana basal area was independent both of stand age (r 2 = 0.08, n = 10, P = 0.42; Figure 2b ) and relative age (young vs. old; F = 0.29, df = 1, 8; P = 0.61). The variance between stands in the younger forests was higher than in the older stands, however. Estimated mean liana biomass per stand was 7.1 t ha −1 .
Overall, mean liana size was greater in old than young stands (mean ± SE: young = 3.56 ± 0.51 cm 2 , old = 6.75 ± 0.70 cm 2 ; F = 11.07, df = 1, 8; P < 0.05). Average liana basal area per stem increased from a mean of 3.6 cm 2 in 20-y stands to 8.8 cm 2 in 100-y stands. The average size in the old-growth forests (5.9 cm 2 ) was lower than the 100-y stands. Average liana size over stand age increased over stand age, but was lower again in old-growth stands (Figure 2c ).
Although the average size of lianas was greater in older stands, small lianas (<1.5 cm) were always more abundant than medium or large lianas across stand age (Figure 3 ). Size class distributions did not differ greatly among stand ages. Nonetheless, small-diameter lianas were most abundant in the 20-y stands and the largest lianas were found in the forests ͧ70 y old.
Liana diversity
Young stands (ͨ 40 y) were significantly more diverse than older stands (ͧ 70 y, F = 7.13, df = 1, 8; P < 0.05). Across stand age, however, no linear decline in diversity was apparent (Figure 4 ; r 2 = 0.24, n = 10, P = 0.16). Forests older than 70 y were similar in liana diversity. Because Fisher's α is a robust index of diversity and is relatively unbiased by sample size (Magurran 1988) , the higher diversity of younger stands should not be a function of the high stem density. A strong correlation does exist, however, between liana abundance and the number of species sampled per stand (r 2 = 0.92, n = 10, P < 0.0001).
Species composition
The NMS ordination of stands based on relative abundance (Figure 5b ), but not presence-absence (Figure 5a ), of the liana species suggested a strong effect of stand age on composition. Stand position along the first dimension of the relative abundance ordination was correlated strongly with stand age (Spearman's rank correlation r s = 0.935, n = 10, P < 0.001). The abundances of only four species were correlated significantly with stand position on the first dimension; three species were found more often in younger forests (Clitoria javitensis, n = 128, r 2 = 0.42, P < 0.05; Phryganocydia corymbosa, n = 19, r 2 = 0.40, P < 0.05; and Smilax sp.1, n = 6, r 2 = 0.49, P < 0.05) and one in older forests (Cydista aequinoctalis, n = 7, r 2 = 0.48, P < 0.05). Stand age was not significantly correlated with stand position on any axis when the ordination was based on presence-absence data. Stands separated by geographic locations in both ordinations ( Figure 5 ).
Twining mechanism
Stem twiners predominated among all lianas sampled at all forest ages (1034 stem-twiners, 260 branch-twiners, and 360 tendril-climbers). Among lianas Figure 5 . Non-metric multidimensional scaling ordination of the 10 forest stands using (a) presenceabsence of 42 liana species (two-dimensional solution, stress = 0.11), and (b) relative abundance (two-dimensional solution, stress = 0.08). Stands are indicated by the stand code (see Table 1 ) and age is in parentheses. OG denotes old growth. Stands located on the Gigante Peninsula are shown as open squares, stands on Barro Colorado Island by filled circles, and the stand on the Bohio Peninsula by a filled diamond. Figure 6 . Proportion of lianas that are stem-twiners (black circles), tendril-climbers (open circles) and branch-twiners (black inverted triangles) plotted against forest age. Only significant regression lines are shown (P < 0.05). Stem-twiners = 0.334 + 0.227x (r 2 = 0.43, n = 10, P < 0.05); tendril climbers = 0.423 − 0.1087x (r 2 = 0.40, n = 10, P < 0.05); where x = log of stand age. <1.5 cm diameter, the relative proportion of the different climbing types changed across stand age (ANCOVA, F = 7.96, df = 2, 24; P < 0.01). Proportion of stem twiners significantly increased (r 2 = 0.43, n = 10, P < 0.05) while tendril climbers decreased (r 2 = 0.40, n = 10, P < 0.05) across stand age ( Figure 6 ). Branch twiners did not show a significant trend (r 2 = 0.20, n = 10, P = 0.20).
D ISC US SI ON
Our approach of using a chronosequence to address questions of succession assumes that the forest stands differ only in their ages. However, variation in soils or microclimates, differences in land-use history, or consequences of isolation of BCI following the filling of Lake Gatun could confound the differences. Denslow & Guzman (in press) examined the assumptions of environmental and historical homogeneity over the chronosequence; they found no systematic variation in several environmental variables related to site productivity, including soil pH, standing litter mass, and soil bulk density that may have been confounded with successional patterns. Thus, even if differences in these variables were present at the time of field abandonment due to variation in land use history, they had diminished during the long fallow periods of stands used in this study.
Island-mainland differences in animal populations are another source of confounding variation. One 70-y stand and all of the 100-y and old-growth stands were located on Barro Colorado Island, while the young stands and one 70-y stand were located on the adjacent mainland (see Figure 1 ). Terborgh (1992) hypothesized that the absence of large carnivores on BCI has led to higher densities of mammalian seed predators and herbivores, which may in turn reduce seedling recruitment and density. A recent study in Lake Gatun, however, has shown little evidence for differences in seedling recruitment on island vs. mainland sites (Terborgh & Wright 1994) . Additionally, seedling densities in the two 70-y stands were similar (Denslow & Guzman in press). We conclude that the observed patterns in stand structure were driven more by successional processes than by environmental or historical differences.
In general, the climbing habit seemed to be most successful in early successional communities. Liana abundance was highest in young stands, both absolutely and in relation to all woody stems. Species diversity was also highest in young stands even when the effect of density was removed. This suggests that a similar suite of environmental conditions promotes establishment of many liana species. High light early in succession is probably the strongest determinant of this pattern. Light availability is high after field abandonment and decreases rapidly as pioneer trees and other early-successional species close the canopy (Brown & Lugo 1990) . At 20 y, relatively high light levels on the ground (about 6% full sunlight estimated from fish-eye photographs) reflect a low canopy and a sparse understorey (Denslow & Guzman in press) . Canopy opening due to the senescence of the first cohort of pioneers probably occurs at about this time (Brown & Lugo 1990) . Understorey light levels decline with stand age throughout the chronosequence (Denslow & Guzman in press). The high liana density in the young stands (20-y and 40-y) are likely to have resulted from relatively high understorey light levels early in succession.
Older stands are characterized by lower overall light levels and fewer microsites for seedling establishment (Denslow & Guzman in press), both of which may contribute to lower liana densities. Although lianas may establish under closed canopies in BCNM forests, few reach the canopy unless they are located in a treefall gap. Putz (1984) found that 10-85% of four common liana species were seedlings rather than vegetative sprouts. S. Schnitzer & W. Carson (unpubl. data) also found that lianas composed >17% of all seedlings in oldgrowth forest at BCNM. Nevertheless Putz (1984) found few lianas in intermediate size classes (4-24 m long) and suggested that few lianas successfully climb up through mature forest in the absence of gaps. These data suggest that small lianas may be abundant in the understorey but are not successful in reaching the canopy in older forests.
Liana composition likely is a function of both stand age and geographic location. Ordination based on relative abundance reveals both a successional sequence (stands arranged by age) and geographic separation of stands (BCI vs. Gigante Peninsula vs. Bohio). In the presence-absence ordination, the successional sequence is lost but the pattern due to geographic location is maintained. Thus, the relative abundances of species appear strongly affected by successional processes, while species presence is affected by site distributions, probably due to dispersal limitations among sites separated by distance and water barriers.
Despite the fact that liana abundance was highest in young stands, no liana species were restricted to young forests. The failure of stands to separate by age in the presence-absence ordination suggests that few species were limited to a particular phase of succession. Some long-lived species establish early in succession and persist for many years. The observed increase in average liana size with stand age supports this idea. In addition, Putz (1990) found that genet mortality of lianas is low on BCI (0.27% y −1 ), despite a high frequency of dislodgement of ramets from the canopy. In addition, species that require high light levels may establish early in succession and reappear in older forests by colonizing light gaps. Increases in liana abundance after disturbance have been well documented (Teramura et al. 1991) and gaps are known to be important sites for liana regeneration (Putz 1984, S. Schnitzer & W. Carson unpubl. data) . For example, old gaps were thought to account for the spatially clumped pattern of lianas in a Gabonese rain forest (Caballé 1976) . Thus, short-lived and long-lived species may contribute to liana diversity in both young and oldgrowth forest by recruiting into light gaps.
Successional changes in species abundances indicated by the relative abundance ordination may be caused in part by changes in availability of suitable supports. Climbing mechanism determines the maximum diameter support a liana can use. Tendril climbers are restricted generally to supports with diameters <10 cm and stem twiners to support diameters <30 cm (Putz 1984 , Putz & Chai 1987 . Branch twiners have higher maximum support sizes (Putz 1984 , Putz & Chai 1987 . Our results for small lianas (<1.5 cm diameter) support the predictions of Putz & Holbrook (1991) , who suggested that tendril climbers would be more common when smaller diameter supports are available. As predicted, the proportion of stem twiners increased and tendril climbers decreased over stand age in this study. The recruitment of tendril climbers may be limited to the early stages of succession or to gaps during which time small diameter supports are available. This trend has also been found in Australian, West African, and other neotropical sites (Putz et al. 1989) .
Total liana basal area, and thus estimated biomass, remained relatively constant over stand age. However, liana biomass is a higher proportion of total stand biomass in young than in old stands along the BCNM chronosequence because tree biomass increases with stand age (Denslow & Guzman in press). We did not measure liana leaf biomass, but this foliar component of biomass may be especially important to successional processes. Lianas >5.0 cm have higher leaf biomass/stem area than do trees (Putz 1983 ) and may contribute more than 20% to canopy leaf biomass in tropical forests (Hegarty 1988 , Ogawa et al. 1965 , Putz 1983 . Moreover, some lianas have shorter leaf life-spans than trees (Hegarty 1990 , Peñalosa 1984 . Thus, the proportion of liana leaf litter may be higher than that for trees in early succession when leaf turnover is most rapid. Hegarty (1990) found that lianas typical of early succession had higher leaf turnover rates than did lianas of mature forest in subtropical rainforest in Queensland, Australia. Lianas may therefore contribute a disproportionately large component of leaf litter, and thus nutrients, in comparison to their biomass. This contribution may be especially important to reestablishment of nitrogen cycling processes, which occur early in succession (Reiners et al. 1994) .
Results from this study suggest that lianas can be characterized as an earlysuccessional guild of pioneer species. The high diversity and density of lianas in young forests indicate that lianas colonize quickly after land abandonment, given a proximate seed source. While the composition of the liana community appears to reflect changes in forest structure (support availability) and environment (light), we found little indication of old-growth specialists. Their importance in early successional communities suggests an important role in reestablishment of forest ecosystem processes.
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L IT E R A T U RE C IT E D Appendix 1. All identified liana species found in the 10 forest stands (3600 m 2 ) along the Barro Colorado Nature Monument chronosequence with total number of individuals, total basal area, and climbing type of each species. 
